Abstract All the red emitting europium-doped silver tungstate a-Ag 2-3x Eu x WO 4 (x = 0.01-0.08 mol) phosphor reported herein crystalise as nanorods. The nanorods were structurally characterised by X-ray powder diffraction, Rietveld refinement, low temperature (20 to -190°C) micro-Raman spectroscopy . The morphology of the nanorods reported herein was confirmed by field emission scanning electron microscopy. The optical properties were studied using low temperature (20 to -190°C) high resolution laser excited upconversion and downconversion luminescence.
Introduction
Although there are several ways of producing white light from blue light emitting diodes, LEDs, the preferred way for good colour rendering involves the use of green and red emitting conversion phosphors [1] . Recently, many Eu 3? -doped tungstate based lattices (as host for the Eu 3? activators that emit the red light) have been reported for possible application as red conversion phosphors examples include CdWO 4 [2, 3] , SrWO 4 [4, 5] , Y 6 WO 12 [6] , KLa(WO 4 ) 2 [7] , RbGd(WO 4 ) 2 [8] , NaY(WO 4 ) 2 [9] , NaGd(WO 4 ) 2 [10] , Na 2 Dy 4 (WO 4 ) 7 [11] , La 2 W 2 O 9 [12] , ZnWO 4 [13] , Ba 4 Na 2 W 2 O 11 [14] , MgWO 4 [15] , and Li 2 Mg 2 (WO 4 ) 3 [16] . Some of these materials require high amounts of the expensive europium activator. However, it is notable that due to the price and critical resource of rare earth elements, it would be better to reduce the amount of these elements for an economic, energetic and environmental friendly synthesis procedure.
The emission characteristic of a material strongly depends on the crystal structure of the host lattice as well as its uniformity, doping sites and the doping concentration of the activator that is emitting. Considering the doping sites, characteristics such as distance between dopants, coordinate numbers, relative spatial position and electrical environments are also important in order to fully understand the photoluminescence properties [17] . Many tungstate lattices when acting as hosts for Eu 3? activators have been shown to manifest excellent luminescent efficiency and color purity as well as having high average refractive indexes [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . Also this class of tungsten oxides can be considered as ideal host lattices for dopants as they possess high thermal, chemical and physical stability and in addition they can often be synthesized at low temperatures. They also have broad and intense ligand-to-metal charge transfer (LMCT) band(s) in the UV or near-UV region that are able to capture the emission from an InGaN-based LED.
The a-Ag 2 WO 4 lattice is the host lattice chosen for the work reported herein. The crystal symmetry of the aAg 2 WO 4 lattice is orthorhombic, and the space group is Pn2n [18] . Each W atom is bonded to six oxygen atoms and the Ag ? cations are found to have two, four, six and seven-coordinated geometry. Both WO 6 and AgO 6 cluster have site symmetry of O h and AgO 2 , AgO 4 and AgO 7 polyhedra have site symmetry of C 2v , T d and D 5h , respectively. In fact the Ag ? cation content in the four different coordination sites in a-Ag 2 WO 4 differ dramatically, 15% of these sites are non-centro-symmetric with C 2v symmetry (AgO 2 ), 37% are non-centro-symmetric with T d symmetry (AgO 4 ), 18% are centro-symmetric with O h symmetry (AgO 6 ) and 30% are non-centro-symmetric with D 5h symmetry (AgO 7 ) [18] [19] [20] . Thus, the electric dipole 5 D 0 ?
7 F 2 transition in the reported spectra is caused specifically by the Eu 3? located at one or more of the noncentro symmetric sites [21] .
A range of applications for silver tungstate is reported in the literature these include chemical fixation of CO 2 [22] , a catalyst in organic chemistry [23] , photoswitches [24] , photocatalysis of organic pollutants [25] [26] [27] [28] [29] [30] , lubricants [31] , electrocatalysis [32] , gas sensor [33, 34] , LED [35] as well as an antimicrobial and antibacterial agents [36] [37] [38] . The influence of electron beam irradiation on structural and optical properties of this material has also been investigated [39] . A further interesting potential future application is in the field of laser refrigeration of nanocrystals [40, 41] .
Previously it was reported that the red emitting europium doped silver tungstate a-Ag 2-3x Eu x WO 4 (x = 0.0-0.01 mol) phosphor crystalises as nanorods and it was suggested that it could be used for blue LED colour conversion as the red emitter for white light, however in the Eu 3? concentrations studied it was not bright enough for the application [21] . Thus in this work we report on attempts to increase the Eu 3? concentration in red emitting europium doped silver tungstate a-Ag 2-3x Eu x WO 4 (x = 0.01-0.08 mol%) phosphor report to further assess its potential for use in new applications based on its' nano-rod morphology which allows for preferred alignment, dense packing and directional emission characteristics. These Eu 3? concentrations are much smaller than tungstate lattices such as LiEu(WO 4 ) 2 which have been suggested as candidates for red emitting LED phosphors [35] .
Experimental
The nanorods were synthesised via a low temperature (90°C) coprecipitation route [21] ; the nanorods emitted red light without further heat treatments.
The nanorods were structurally characterised by X-ray powder diffraction, Rietveld refinement, low temperature (20 to -190°C) micro-Raman spectroscopy. The latter allows enhanced spectroscopic analysis of materials; Raman spectra can be collected from areas down to 1 lm 2 . Allowing the selective identification of structural and chemical differences in inhomogeneous samples or single particles. Combined with automated focusing using a XYZ stage three-dimensional chemical imaging is possible focusing below the surface of the sample. It is also possible to observe damage to the sample by the laser during measurement. In our case we were able to focus on small groups of nanorods and did not damage them. The morphology of the nanorods was confirmed by field emission scanning electron microscopy (FESEM). Figure 1 presents the X-ray powder diffraction (XRD) patterns of a-(Ag 2-3x Eu x )WO 4 samples. All of the peaks observed in the patterns can be indexed to the pure orthorhombic phase of a-Ag 2 WO 4 and are in good accordance with PDF no 34- was present it would be observed as a broad peak in the photoluminescence spectrum.
Results
Structural refinement data of the a-(Ag 2-3x Eu x )WO 4 (x = 0.0-0.08) samples confirm the orthorhombic structure with a Pn2n symmetry space group. The experimental lattice parameters and unit cell volumes calculated using the Rietveld refinement method are shown in Table 1 . This table shows low deviations of statistical parameters (weighted profile R-factor (R wp ), expected R-factor (R exp ), residual of least-squares refinement (R p ) and reflection intensity-based R-factors (R Bragg ) which suggests that the refinement results are quite reliable and with good numerical results. These results were obtained by keeping the occupancy of W 6? fixed to 1 while Eu 3? cations were set to share occupancies in the Ag ? sites. The size distribution and morphology of the crystals are important parameters in both luminous flux and their ordering on a surface (for device application). For many applications it would be ideal to have uniform sub-micron phosphor particles without any reduction in the luminous efficacy (compared to larger micron sized particles.
In Fig. 2a-d FESEM micrographs of the samples are presented. It is possible to see clear boundaries between the crystals indicating that there is no strong adhesion among the crystals. Moreover, there are in all cases many crystals of similar size and shape showing no evidence of aggregation, nor formation of larger structures. Most of the crystals are smooth surfaced nanorods of around 100 nm in width and 1-2 lm in length. The nanorod morphology should facilitate preferential alignment, dense packing and directional emission characteristics.
The Raman spectra of the phosphors may be useful for obtaining information about parameters which affect the luminescence efficiency. These parameters include crystallographic phases, lattice phonon energies, and the site symmetries of activators [45] . As a-Ag 2 WO 4 belongs to the C 2v 10 point group and has two molecular formulas per unit cell (Z = 2). Group theory predicts that there are 21 different Raman modes [46] , of these 14 modes have previously been identified [21] . Figures 3 and 4 present the room temperature Raman spectra of the a-(Ag 2-3x Eu x )WO 4 (x = 0-0.08 mol) samples excited at 532 and 633 nm, respectively. These spectra are very similar to those reported and assigned for the aAg 2-3x Eu x WO 4 (x = 0.0-0.01 mol) phosphor samples [21] The main features observed are for samples with x [ 2 mol% (k exc = 532 nm), in which the mode A 1g at 883 cm -1 appears to shifts to higher wavenumber because of the this is because of an underlying emission band that gets stronger and causes the apparent movement of the Raman band as the Eu 2? concentration increases in the aAg 2 WO 4 lattice. These underlying emission bands also affect the spectra collected with the 633 nm laser line (Fig. 4) , saturation also causes broadening of the bands as observed on the spectra excited at 633 nm. However in the latter case these emission bands are less intense and so only a broadening is observed that becomes a shoulder at the higher Eu 3? concentrations. In Figs. 5 and 6 the room temperature Anti-Stokes and Stokes luminescence and Raman spectra of the a-(Ag 2-3x Eu x )WO 4 (x = 0-0.08 mol%) samples excited at 532 and 633 nm are presented. In the case of the spectra excited at 633 nm (Fig. 6 ) the emission bands at higher energy are [48] . For the 532 nm excited spectra the higher energy emission bands may arise from a similar process or alternatively (but less likely) they may be excited by a two photon upconversion process. The strongest Raman modes typical of a-Ag 2 WO 4 are seen on both anti-Stokes and Stokes sides of the spectra. [48] . The temperature dependence of the Raman spectra of a-(Ag 1.97 Eu 0.01 )WO 4 excited at 633 nm is presented in Fig. 7 . These spectra show that as the temperature decreases, improvement of the Raman modes definition occurs due to less lattice vibrations (thermal energy) at lower temperatures depopulating the luminescence spectra [48] . Thus the broad emission bands seen below 550 cm -1 in the 20 and 10°C spectra in Fig. 5 are not present in the -50°C spectrum.
The temperature dependence of the Stokes and antiStokes emission spectra of a-(Ag 1.95 Eu 0.01 )WO 4 excited at 633 nm is presented in Fig. 8 . These spectra indicate that the intensities of all of the anti-Stokes and Stokes luminescence lines manifest temperature-dependent behavior (losing intensity as the temperature decreases) in line with the fact that less energy is available to thermally populate the 7 [48] . It is apparent that as the temperature decreases to -190°C the only remaining bands on the low energy side in Fig. 6 are the Raman bands. It is apparent from Fig. 8 that the emission bands are no longer present at -100°C. 
Conclusions
This work demonstrated that nanometre-sized a-(Ag 2-3x-y Eu x Li y ) WO 4 crystals were efficiently prepared by the coprecipitation method without further treatments. XRD and Rietveld analysis confirmed the phase and the lattice parameters of each doping concentration. FESEM studies revealed nanorods of around 1 lm in length and 100 nm in width which allows preferred alignment, dense packing and directional emission characteristics. Using the 633 nm laser to study the Raman spectra also allowed the optical properties to be partially studied using low temperature (20 to -190°C) high resolution laser excited upconversion and downconversion luminescence. It is apparent from this work that as the temperature was lowered the emission bands became less intense and eventually disappear, showing they are only seen via upconversion due to thermal population of the ground state of the Eu3? ions in the lattice. The excitation spectra showed excitation maxima at 395 and 465 nm which are in the ideal regions for excitation by both UV and blue LEDs; these bands were determined by monitoring the main Eu 3? emission peak at 615 nm. Emission spectra showed red emission at 615 nm showing the potential for use as colour converting phosphors for use with the LEDs. A fuller study of the excitation and emission spectra of these materials will be published separately.
